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We present temperature-dependent infrared spectroscopic studies of CaMnSb2, a proposed three-
dimensional topological material. The low plasma edge in the reflectivity spectrum and small Drude
component in the optical conductivity indicate a very low carrier density. The low-frequency optical
conductivity is well described by the superposition of a narrow and a broad Drude terms. Several
linear components have been observed in the low-temperature optical conductivity, but none of
them extrapolates to the origin, at odds with the optical response expected for three-dimensional
Dirac fermions. A series of absorption peaks have been resolved in the high-frequency optical
conductivity. The energy of these peaks agrees well with the interband transitions expected for
the band structures from first-principles calculations. Intriguingly, the lowest band gap increases
with decreasing temperature, mimic the temperature evolution of inverted bands. Furthermore, our
theoretical calculations demonstrate the existence of weak coupling between two Sb-chains layers
results in the topological trivial surface states in CaMnSb2.
I. INTRODUCTION
Topological materials, such as topological insulators
(Pb1−xSnxSe, Bi2Se3, Bi2Te3 and Sb2Te3
1–3), Dirac
(Na3Bi and Cd3As2
4–6) and Weyl semimetals (TaAs and
TaP7,8), have been extensively explored theoretically and
experimentally. A three-dimensional (3D) topological in-
sulator with gapped bulk states can support odd numbers
of gapless Dirac nodes in its surface states. For a Dirac
semimetal, valance and conduction bands linearly touch
near the Fermi level, resulting in a Dirac cone-like elec-
tronic dispersion in the 3D momentum space. The band
touching point is called a Dirac point. When either time-
reversal or inversion symmetry is broken, a Dirac point
is split into two Weyl points with opposite chiralities,
turning a Dirac semimetal into a Weyl semimetal(WSM).
Since topological materials exhibit rich quantum phe-
nomena, such as quantum Hall effect, topological mag-
netoelectric effect, Fermi arc, as well as Majorana ex-
citations9–11, these materials have aroused an enormous
amount of interests.
Recently, layered pnictide Bi/Sb compounds, such as
AMnBi2 and AMnSb2 (A = Sr, Ba, Eu, and Yb), are
proposed to be Dirac or Weyl semimetals with mag-
netic order on the Mn sublattice through both theoret-
ical and experimental investigations12–21. They have a
crossing of two non-degenerate energy bands, contain-
ing relativistic and massless states that touch in a single
point, which must be satisfied for the search of three-
dimensional Dirac fermions. Among AMnBi2 family,
SrMnBi2, CaMnBi2 and EuMnBi2 have been proved as
topological semimetals with their band structures pro-
tected by space group symmetry12,18,22. Nevertheless,
for YbMnBi2, even though gapless Weyl points have been
observed by ARPES23, the optical studies speculate that
the evidence for a WSM observed in ARPES could pos-
sibly arise through a surface magnetic phase21. Since the
AMnSb2 system with weaker spin-orbit coupling (SOC)
and massless Dirac fermions24 is so far relatively unex-
plored, detailed studies on this system may shed new
light on the topological properties of the layered pnictide
Bi/Sb compounds.
As a member of the AMnSb2 family, SrMnSb2 has an
orthorhombic Pnma structure with a staggered stacking
of Sr atoms and zig-zag chains of Sb atoms, which is
quite different from the structure with coincident stack-
ing in AMnBi2 and BaMnSb2
25,26. In SrMnSb2 even
though the Fermi surface mapped by ARPES agrees well
with the de Haas van Alphen (dHvA) data, discrepan-
cies exist between theoretical calculations and ARPES
results27. In order to resolve these discrepancies, it is
of great importance to conduct a comprehensive study
on the AMnSb2 family. CaMnSb2, which is isostructural
with SrMnSb2
24, has been reported to host massless
Dirac fermions from dHvA oscillation measurements in
Ref.28. However, there are few reports on the topological
properties in CaMnSb2, so it is of great interest to further
investigat the topological properties of CaMnSb2.
Infrared spectroscopy is a powerful tool to study the
excitations near the Fermi level which has been previ-
ously used to investigate properties related to the band
structures in topological materials29–31. In this paper,
we report the observation of several linear components
in the frequency-dependent optical conductivity associ-
ated with the linear dispersions in the electronic band
structure. However, neither of them extrapolates to the
origin, in conflict with the expected behavior for a 3D
Dirac semimetal. In combination with theoretical calcu-
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2lations, we conclude that CaMnSb2 is a topological trivial
insulator, and the non-robust gapless surface states can
be identified when the coupling between two Sb-chains
layers is ignored.
II. EXPERIMENT
High-quality single crystal of CaMnSb2 has been syn-
thesized using a self-flux method28, which shows an an-
tiferromagnetic (AFM) phase transition at 302 K. The
frequency-dependent reflectivity R(ω) has been measured
at a near-normal angle of incidence on a Bruker 80v
Fourier transform infrared (FTIR) spectrometer using an
in situ evaporation technique32. Data from 50 to 15 000
cm−1 were collected from 5 to 315 K at 15 different tem-
peratures with the sample mounted in an ARS-Helitran
cryostat. R(ω) in the visible and UV range (10 000-
30 000 cm−1) was taken at room temperature with an
Avaspec 2048 × 14 optical fiber spectrometer. The real
part of the optical conductivity σ1(ω) has been obtained
from a Kramers-Kronig transformation of R(ω). Usually,
for the low-frequency (< 50 cm−1) extrapolation, Hagen-
Rubens form (R = 1 − A√ω) is employed. However, in
our case, the Drude component is very narrow with a
scattering rate about 20 cm−1, which is much smaller
than νmin ≈ 100 cm−1. Thus a set of Lorentzians
are used to extrapolated the measured reflectivity21,33.
Above the highest-measured frequency (30 000 cm−1),
R(ω) is assumed to be constant up to 12.4 eV, above
which a free-electron response (ω−4) is used.
III. RESULTS
A. Reflectivity and optical conductivity
Fig. 1(a) shows the measured R(ω) of CaMnSb2 up
to 4 000 cm−1 at several representative temperatures.
The sharp features around 200 cm−1 are associated
with the infrared-active phonons. The low plasma edge
(500 cm−1) in R(ω) indicates a low carrier density.
Fig. 1(b) displays σ1(ω) of CaMnSb2 at different tem-
peratures. The low-frequency σ1(ω) (< 1 500 cm
−1)
is dominated by the Drude-like response. However, the
Drude weight (the area under the Drude peak in the op-
tical conductivity spectrum) in this material is remark-
ably smaller than that of a normal metal34, consistent
with the low plasma edge in R(ω). Above 1 500 cm−1,
σ1(ω) increases sharply, leading to a noticeable absorp-
tion edge, which is a signature of the emergence of
inter-band transitions. Multiple absorption peaks aris-
ing from the inter-band transitions can be identified
in the high-frequency σ1(ω), as shown in the inset of
Fig. 1(b). The overall optical conductivity exhibits a
strongly-frequency dependence, which is in sharp con-
trast to the frequency-independent conductivity observed
in two-dimensional(2D) Dirac semimetals35,36.
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Figure 1. (Color online) Reflectivity (a) and the real part
σ1(ω) of the optical conductivity (b) of CaMnSb2 at 5 repre-
sentative temperatures. The insets of the main panels show
the reflectivity and the optical conductivity over a broad fre-
quency range at 295 K, respectively. The color dashed lines
are the sets of Lorentzians for extrapolation.
B. Free carrier response
In order to quantitatively analyze the optical data, we
fit the low-frequency σ1(ω) (below 1 200 cm
−1) to the
Drude model, which is used to describe the optical re-
sponse of free carriers37:
σ1(ω) =
2pi
Z0
∑
k
Ω2p,k
τk(ω2 + τ
−2
k )
, (1)
where Z0 = 377 Ω is the impedance of the free space;
Ωp =
√
4pine2/m∗ the plasma frequency (n is a carrier
density and m∗ is an effective mass); 1/τ the scattering
rate of carriers.
We find that a single Drude term fails to describe
the low-frequency σ1(ω), because of a pronounced back-
ground feature extending up to 1 500 cm−1, far beyond
the Drude response we adopted. We have tried to fit the
conductivity with an additional frequency-independent
component which is a feature associated with 2D Dirac
material, but it turns out that one Drude component plus
one frequency-independent term is not possible to make
the fitting at different temperatures. Therefore, a second
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Figure 2. (Color online). (a) Fit (orange dashed curve) to the
optical conductivity (cyan solid curve) in the frequency range
of 0-1200 cm−1 at 15 K, which is decomposed into two Drude
components: a narrow (red solid curve) and a broad one (blue
solid curve). Inset: a comparison between the temperature-
dependent dc resistivity (solid curve) from transport measure-
ments and the values derived from the zero-frequency extrap-
olation of σ1(ω) (solid circles). The temperature dependence
of (b) the plasma frequency Ωp and (c) the scattering rate 1/τ
for the narrow (red) and broad (blue) Drude components.
broad Drude component has to be introduced to account
for the background feature. Using this two-Drude model,
we can fit σ1(ω) at all measured temperatures. The solid
circles in the inset of Fig. 2(a) give the zero-frequency
conductivity of the Drude model fit, which is compared
to the dc resistivity from transport measurements (the
solid curve). The reasonable agreement between the op-
tical and transport data implies that our modeling is re-
liable. The two Drude components usually point to the
existence of multiple Fermi surfaces. Recent quantum os-
cillation and Hall effect studies have revealed multi-band
Fermi surfaces with very small cross-sectional areas in
this material28, which is in agreement with our observa-
tions.
The two-Drude model fit yields the temperature de-
pendence of Ωp and 1/τ for each component. Figure 2(b)
depicts Ωp as a function of the temperature for the two
Drude components. Within error bar, Ω′ps of Drude 1
exhibit no temperature dependence, indicating that the
carrier densities or Fermi surface volumes is not affected
by the temperature, while the Ω′ps of Drude 2 increases
slowly with the increasing temperature. The temperature
evolution of the quasi-particle scattering rate is traced
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Figure 3. (Color online) (a) Optical conductivity in the high-
frequency range showing interband transitions for CaMnSb2
at 15K (cyan curve). The pink dashed line is the linear fit to
the sharp absorption edge. The red and black dashed lines
through the data denote linear fits. The inset is the van-
Hove singularity risen from the Mexican-hat dispersion. (b)
Calculated band structure of CaMnSb2. The inset displays
the enlarge view of the band structure near the Y point. (c)
The crystal structure of CaMnSb2.
out in Fig. 2(c). 1/τ decreases upon cooling for both
Drude terms, giving rise to a continuous drop of the dc
resistivity. This suggests that the transport properties of
CaMnSb2 are dominated by the change of quasi-particle
scattering rate.
C. Interband transitions
Figure 3(a) shows σ1(ω) at 15 K up to 10 000 cm
−1.
Besides a linear rise of the sharp absorption edge depicted
by the pink dashed line, another two ω-linear components
with distinct slopes can be clearly identified in the optical
conductivity spectrum as denoted by the red and black
dashed lines. Linear optical conductivity is usually asso-
ciated with the linear dispersion in the electronic struc-
tures, which has often been observed in 3D Dirac/Weyl
semi-metals18,38–40 or Nodal-line semimetals41,42. How-
ever, neither of these two linear components extrapolate
4to zero conductivity at zero frequency, in conflict with
the expected behavior for a 3D Dirac semi-metal. Gen-
erally, there are two reasons that linearly-increased opti-
cal conductivity does not extrapolate to the origin: (i)a
gap in the massless Dirac band structure43 and (ii) the
overlap of multiple interband transitions in Dirac like
materials41. The change of Fermi energy just causes a
shift of the step at 2|µ|, which has no effect on the ex-
trapolation of the linear conductivity29,30. Multiple ab-
sorption peaks can be clearly observed at about 2 000,
5 000 and 9 000 cm−1 in the optical conductivity, as in-
dicated by arrows 1, 2 and 3, respectively. These peaks
usually originate from inter-band transitions. The small
Drude response and the limited value of the sharp ab-
sorption edge indicate that the Fermi level is not lying
deeply in the valence/conduction bands.
In order to gain insights into the origin of these inter-
band transitions, we have calculated the bulk band struc-
ture using first-principles methods. The crystal structure
of CaMnSb2 is depicted in Fig. 3(c). The band struc-
ture of CaMnSb2 is calculated using density functional
theory (DFT), employing the projector augmented wave
(PAW) method encoded in the Vienna ab initio simula-
tion package(VASP)44–46. The generalized-gradient ap-
proximation (GGA) for the exchange correlation func-
tion is used47. In the calculations we consider G-type
antiferromagnetic, and the LDA+U method is used with
the effective on-site Coulomb U being 5 eV for Mn 3d
states. Furthermore, considering the spin orbital cou-
pling (SOC) in Sb atoms, SOC is included in our cal-
culations. The experimental parameters (a = 22.09A˚,
b = 4.32A˚, c = 4.35A˚) were used in the calculations28.
Figure 3(b) shows the highly anisotropic band disper-
sion of CaMnSb2. The bands near the Fermi level are
almost exclusively Sb derived, and the red lines are re-
lated to the density of states of Sb 5p orbitals. The inset
of Fig. 3(b) shows the enlarged view of the Fermi level at
the Y point. Two different conduction bands cross the
Fermi level, giving rise to two small electronic pockets.
The presence of two electron Fermi surfaces suggests that
our two-Drude model analysis captures the physics of this
material. The small volume enclosed by the Fermi sur-
face is in good agreement with the small Drude weight in
our measured optical conductivity. Furthermore, we no-
tice that all bands near the Fermi level are gapped and no
Dirac points can be identified, demonstrating the absence
of 3D Dirac fermions in the bulk states of CaMnSb2. This
is in accordance with the conclusion we have reached from
our experimental optical conductivity.
From the calculated band structure, we can easily re-
solve several interband transitions between different va-
lence and conduction bands, such as 1-1′, 1-2′, 3-3′, and
4-4′. The onset energies of these transitions are 0.25,
0.35, 0.58, and 0.89 eV, respectively. Within the rea-
sonable error, these energies agree quite well with the
positions of the absorption peaks in the measured opti-
cal conductivity, implying that the optical conductivity
in the high energy range is a result of the interband tran-
sitions. However, we notice that the transition at the Γ
point (0.29 eV) does not give rise to a noticeable peak
feature in the optical spectrum, the reason is that these
bands arising from the Sb pz orbitals have very low den-
sity of states.
At the Y point, the valence bands (labeled with 1) and
conduction bands (labeled with 1′ and 2′) disperse almost
linearly in the momentum space. It is natural to assign
the observed linear optical conductivity to the interband
transitions between these bands. Further evidence may
be revealed by a comparison of the onset energy of the
linear optical conductivity and the band gaps. The gaps
between these bands have the values of 0.25 and 0.35 eV,
which agree well with the onset energies of the two linear
components, strongly suggesting that the linear optical
conductivity between 0.25 and 0.35 eV stems from the
interband transitions between 1 and 1′ bands, and the
linear component between 0.35 and 0.6 eV is associated
with the interband transitions from 1 to 1′ and 2′ bands.
D. Band inversion
Although both our optical results and band structure
calculations do not support the presence of 3D Dirac
fermions in CaMnSb2, non-trivial properties have been
reported by transport studies28. In order to better under-
stand the properties of this material, further analysis of
our optical data and band structure is necessary. A close
examination of the calculated band structure [Fig. 3(b)]
reveals a Mexican-hat-like dispersion of the electronic
bands (labeled as 1′) at the Y point. This unusual feature
in the band structure may arise from inverted bands48.
It has been demonstrated that a Mexican-hat-like dis-
persion induced by the inverted bands can produce a van
Hove singularity (VHS) in the optical conductivity spec-
trum (or joint density of states)1,48. Note that such a
VHS feature can be clearly seen in our measured optical
conductivity as shown by Arrow 1 in Fig. 3(a). More-
over, the optical conductivity of CaMnSb2 exhibits ex-
actly the same feature as the one calculated for inverted
bands in Ref.1, supporting our speculation that band in-
version may occur in the bands at the Y point in this
material.
Previous studies on Pb1−xSnxTe, PbS1−xSex,
Pb1−xSnxSe
49 have shown that for inverted bands, the
band gap increases upon cooling as the lattice param-
eters are reduced with decreasing temperature. Such a
band gap change can be easily detected by optical con-
ductivity1. Following this line, further evidence for band
inversion in CaMnSb2 may be revealed by looking into
the temperature dependence of the optical conductivity
spectra. A sharp absorption edge can be seen between
1 500 and 2 000 cm−1 in the optical conductivity at
all measured temperatures [see Fig. 4(a)]. At each
temperature, the x-axis intercept of the extrapolation of
the absorption edge yields the value of the band gap50.
The inset of Fig. 4(a) shows the temperature dependence
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Figure 4. (color online) (a) The linear extrapolation of absorption edge to estimate the gap energy. (b) The linear extrapolation
of squared absorption coefficient to determine the gap energy. Both insets are the temperature dependence of the gap energy.
The red solid lines denote the Varshni relation fit. (c) The electronic structure of surface state through Wannier function.
of the band gap, which increases as the temperature is
lowered, as expected for inverted bands.
We can also extract the evolution of the band gap via
the squared absorption coefficient:
α2 = 4ω2κ2/c2, (2)
where κ is the extinction coefficient which can be ob-
tained from the Kramers-Kronig analysis of R(ω); c is
the speed of light. The band gap obtained from the lin-
ear extrapolation of α2(ω) to the x-axis for each tem-
perature51,52 is shown in Fig. 4(b). The gap increases
upon cooling as depicted in the inset of Fig. 4(b). While
the value of the gap obtained by this method is slightly
larger than that obtained from the optical conductivity
directly, they exhibit identical temperature dependence.
The evolution of the band gap as a function of temper-
ature follows the Varshni empirical relation(red dashed
line through the data points)53:
E(T ) = E(0)− αT
2
T + β
, (3)
where E(0) is the gap value at 0 K, α is a constant, and
β is a parameter related to the Debye temperature.
For 3D topological insulator, albeit the bulk states are
those of a trivial insulator, the surface should have gap-
less non-trivial edge states10. In order to investigate the
topological properties of CaMnSb2, the surface states can
be calculated by the surface Green function of the semi-
infinite system using an iterative method. Fig. 4(c) shows
the edge states on the [100] surface. A small gap can be
identified along Γ ∼ Y , as pointed by the black solid cir-
cles, indicating that the surface states are topologically
trivial.
How can topological trivial states of CaMnSb2 show
the nontrivial properties in the magneto-transport mea-
surements28? In order to understand this, we can make a
comparison to the results obtained in three-dimensional
weak topological insulator CaFeAs2 with similar crys-
tal structure54. As shown in Ref.54, the As atoms in
CaAs layer form zigzag chains, and behave like a Z2
topologically nontrivial two-dimensional quantum spin
Hall(QSH) insulator. However, one unit cell of CaMnSb2
has two different Sb zigzag chains, as depicted in Fig. 3(c)
(Sb1 and Sb3). As analyzed in Ref.54, the two dif-
ferent CaSb layers are Z2 topologically nontrivial two-
dimensional QSH insulators, and can lead to two sets of
surface states on the [100] surface. Owing to the absence
of symmetry protection, the coupling between two sets of
surface states is not prohibited, and the magnitude de-
pends on the distance between two different CaSb layers,
indicating that CaMnSb2 is topological trivial. If the
coupling between two sets of surface states is ignored,
the non-robust gapless surface states can be identified.
Hence, a gap about 25 meV is observed along Γ ∼ Y in
Fig. 4(c), and the gap is so small that non-trivial prop-
erties may be measured in experiments.
IV. CONCLUSION
To summarize, we have measured the detailed temper-
ature and frequency dependence of the optical conductiv-
ity for CaMnSb2. The low-frequency optical conductivity
is well described by the superposition of a narrow and a
broad Drude components, which implies the existence of
multiple Fermi surfaces. We observed several segments in
the low-temperature optical conductivity varying linearly
with frequency, but none of them extrapolates to the ori-
gin, which agrees well with the gapped nature of the
electronic band structure obtained from first-principles
calculations. A series of absorption peaks have been re-
solved in the high-frequency optical conductivity. The
energies of these peaks are consistent with the calculated
interband transitions. Both the line shape of the 2000-
cm−1 absorption peak in our measured optical conduc-
6tivity and band structure calculations point to Van Hove
singularity behavior, suggesting that the bands at the
Y point are likely inverted. In addition, the smallest
band gap increases upon cooling, mimic the tempera-
ture evolution of inverted bands as widely observed in
topological crystalline insulators. Finally, our theoreti-
cal calculations demonstrate the existence of non-robust
gapless surface states when the coupling between two Sb-
chains layers is ignored, and the gap is so small that
the non-trivial properties can be measured, even though
CaMnSb2 is topological trivial.
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